Static diffusion models of the upper atmosphere with empirical temperature profiles special report no. 170 by Jacchia, L. G.
.' 
.' 
., . ' - 
S Y I T H S O N I A M  I N S T I T U T I O N  
A S T I O P H Y S I C A L  O B S L R V A T O B Y  
Research in Space Science 
8)lhCtAt R E P O R T  
NUUIXF 170 
by 
Luigi G. Jacchia 
.. . .. 
(CODE 
December 30, 1964 
CAMLQilDGE, MASSNHUSmS 02138 
r. 
. b  
61) 
Lu 




SA0 Special Report No. 170 
STATIC DIFFUGION MOIlEIS OF THE UPPER 
ATMOSPHEBE WECH EMPIRICAL TEMPERATURE PROFILES 
bY 
Luigi G. Jacchia 
Smithsonian Inst i tut ion 
As trophys i cal Obse mat ory 
Cambridge, Massachusetts 02138 
TABU OF CONlIEMls 
surmnary 
1. Sta t ic  and t-dependent models 
2. Boundary conditions ~ 
3. The texqerature profiles 
4. Comparison with Nicolet's models 
5.  
6. 





Formulae for  the systematic temperature variations 













STATIC DIFFUSION MODELS OF THE: UPPER 
ATMOSPHERE WITH EMPIRICAL TEMPERATURE PROFILES'- 
I Summary. --Tables of atmospheric dens i ty  and compositioni a r e  computed f o r  a bLd$ range of exospheric temperatures; s t a r t i n g  from 
a f i x e d  set  of boundary condi t ions a t  120 km. Theld i f fus ion  
e y u a L 7 a  5- i s  integret.ed following empir ica l  temperature pro- 
f i l e s  of exponent ia l  form capable of reproducing t h e  dens i -  
t i e s  der ived  from s a t e l l i t e  dyag over t h e  years .  Formulae 
a r e  given which re la te  t h e  rxospheric  temperatur3 t o  s o l a r  
and( ,qe3magnetic a c t i v i t y  and a l l o v  To;- t h e  c ' i uma l  aiid seirii- 
annual va r i a t ions .  The d i f f e r e n t  response of  t h e  d e n s i t y  a t  
t h e  200-km level  t o  d i f f e r e n t  types of hea t ing  is  b r i e f l y  
discussed.  
v - -- 
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1. S t  at i c  and time -dependent models 
The f irst  multi- temperature models of t h e  atmosphere above 120 km based 
on d i f f u s i o n  equi l ibr ium were produced by Nicolet  (1961, 1963). These models 
proceed frcm a f i x e d  set  of boundary conditions,  temperature  and p a r t i a l  den- 
si t ies,  a t  120 km. Above t h i s  height  t h e  p a r t i a l  d e n s i t i e s  vary according t o  
d i f f u s i o n  theory,  except f o r  hydrogen f o r  which d i f f u s i o n  equi l ibr ium i s  
reached only a t  g r e a t e r  he ights  (Kockarts and Nicolet ,  1962, 1963); thermal  
d i f f u s i o n  i s  taken i n t o  account f o r  helium. 
bu t ion  i s  computed f o r  t h e  " h o t t e s t "  model, i .e. ,  t h e  one wi th  t h e  highest  
exospheric temperature, assuming thermal equi l ibr ium; t h e  o the r  models are 
obtained from t h i s  model by conduction cool ing of t h e  atmosphere i n  t h e  ab- 
sence of e x t e r n a l  energy sources .  The temperatures  which are obtained i n  
t h i s  manner a t  t h e  height  of 1.50 km ( a  near ly  isopycnic  l a y e r )  a r e  l i n e a r l y  
connected wi th  t h e  constant  temperature a t  120 km. Models can be computed 
by t h i s  procedure f o r  convenient ly  spaced values  of t h e  exospheric temperature  
These q u a s i - s t a t i c  moaels have proved very p r a c t i c a l  as a background f o r  
de r iv ing  and analyzing a tmospher ic  d e n s i t i e s  from s a t e l l i t e  drag--( Jacchia  and 
Slowey, 1963 ) . 
The v e r t i c a l  temperature d i s t r i -  
This  work w a s  supported i n  par t  by grant  NsG 87-60 of t h e  Nat ional  1 
Aeronautics and Space Administration. 
2 
Phys ic i s t ,  Smithsonian Astrophysical  Observatory. 
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Atmospheric models can be constructed only at  t h e  expense of over-simpli-  
f i c a t i o n s .  Such are ,  f o r  example, t h e  invar iance  of t h e  boundary condi t ions 
a t  120 km and t h e  constant  temperature grad ien t  between 120 and 150 km found 
i n  Nicole t ‘ s  models. Another se r ious  l i m i t a t i o n  is t h e  assumption of s t a t i c  
equi l ibr ium i n  an atmosphere which i s  sub jec t  t o  l a r g e  day-to-night temper- 
a t u r e  var ia t ions ,  w i th  a per iod which i s  not much longer  than  conduction t ime 
i n  t h e  lower thermosphere. 
Atmospheric models which attempt t o  t a k e  i n t o  account t h e  d iu rna l  v a r i a -  
t i o n  a t  low l a t i t u d e s  have been computed by Harris and P r i e s t e r  (1962a, b ) .  
They a l s o  assumed f i x e d  boundary condi t ions at 120 km and d i f f u s i o n  above 
t h i s  height ,  but t h e  hydros t a t i c  equat ion and t h e  heat  -conduction equat ion 
were in t eg ra t ed  simultaneously and t h e  hea t  input  va r i ed  wi th  a 24-hour cyc le .  
Since t h e  amount of solar E W  necessary t o  maintain t h e  hea t  balance gave 
d i u r n a l  dens i ty  o s c i l l a t i o n s  much i n  excess of t hose  observed, Harris and 
P r i e s t e r  were obl iged t o  introduce a second source of hea t  w i th  a maximum a t  
a d i f f e r e n t  hour. This  device may perhaps have a counterpar t  i n  t h e  a c t u a l  
hea t ing  process, but doubts have been voiced t h a t  it may mostly r e f l e c t  t h e  
inadequacy of an over-s implif ied theory.  By s u i t a b l y  varying t h e  “second 
hea t  source,” t h e  Harris-F’riester models can be made t o  f i t  t h e  d e n s i t i e s  
from s a t e l l i t e  drag w i t h  almost any degree of accuracy, and t h e i r  new version,  
prepared f o r  t he  new C0SPP;R I n t e r n a t i o n a l  Reference Atmosphere(C7RA 1964) t o  be 
published short ly ,  i s  remarkably successfu l  i n  th i s  r e spec t .  
To analyze or  p red ic t  t h e  motion of s a t e l l i t e s  under t h e  inf luence  of  
drag, one r equ i r e s  models which represent  atmospheric v a r i a t i o n s  above a l l  
po in t s  of t h e  globe i n  a continuous manner. 
Nicolet  t ype  have a considerable  advantage over t hose  of Harris and Priester, 
because w i t h  a s u i t a b l e  model f o r  t h e  geographic temperature  d i s t r i b u t i o n  
above t h e  thermopause they  can y i e l d  atmospheric dens i - t ies  at  any given loca t ion  
and he ight .  
not  account f o r  t h e  seasonal  migrations of t h e  d iu rna l  bulge; i t s  ex tens ion  
t o  higher  l a t i t u d e s  would engender gross  e r r o r s  arid even a d i s c o n t i n u i t y  a t  
t h e  poles.  
atmospheric models pat te rned  a f t e r  those  of Nicolet ,  but  based on t h e  most 
r ecen t  d a t a  on composition at t h e  boundary l e v e l  and d e n s i t y  a t  s a t e l l i t e  
he ights .  The r e s u l t  i s  t h e  present  t a b l e s .  
For t h i s  purpose, models of t h e  
The Har r i s -P r i e s t e r  model i s  confined t o  l o w  l a t i t u d e s  and does 
For t h i s  reason, it w a s  deemed advisable  t o  produce a set of 
2. Boundarv condi t ions 
The boundary condi t ions se l ec t ed  f o r  t h e  C I R A  1964 t a b l e s  are t h e  r e s u l t  
of a ca re fu l  weighting of recent  d a t a  from instrumented rocke ts  and sa te l l i t es ,  
and it would be d i f f i c u l t  t o  .improve on them at t h i s  da t e .  Therefore, w e  have 
taken  them as t he  b a s i s  f o r  our t a b l e s  with only one change, namely, t h e  
helium concentrat ion which w a s  increased by 40 percent  t o  account f o r  t h e  
d e n s i t i e s  der ived from s a t e l l i t e s  a t  he ights  g r e a t e r  t han  600 km a t  times 
of low s o l a r  a c t i v i t y .  N e  thus  have assumed: 
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4 T = 355°K 
n(N2) = 4.0 x 10 11 
n ( 0  ) = 7.5 x 10 10 
= 7.6 x 10 10 
2 
n ( 0 )  
n(He) = 3.4 x 10 7 
Argon w a s  neglected s ince  i t s  cont r ibu t ion  t o  t h e  t o t a l  d e n s i t y  i s  only 1 
percent at 120 km and becomes r a p i d l y  neg l ig ib l e  at g r e a t e r  he ights .  For 
hydrogen we have followed Kockarts and Nicole t  (1962) and f i t t e d  t h e  f o l -  
lowing equation 
t o  t h e i r  concentrations a t  500 km, which were used as boundary f o r  t h e  com- 
Pu ta t ion  of concent ra t ions  a t  g r e a t e r  he ights .  
S t a r t i n g  from t h e  boundary conditions, t h e  concent ra t ions  n, of each 
I 
cons t i t uen t  i were computed as a func t ion  of t h e  geometric height z by i n -  
t e g r a t i n g  t h e  d i f f u s i o n  equation 
Here, T i s  t h e  temperature, CY t h e  thermal-diffusion 
s c a l e  he ight  of t h e  ind iv idua l  cons t i tuent ,  def ined  
kT 
i 
H. = - ,  = m g  
where k i s  t h e  Boltzmann constant, rn 
cons t i t uen t ,  and g t h e  acce le ra t ion  of  g r a v i t y .  
t h e  molecular i 
fac to r ,  and H. i s  t h e  
as 1 
( 3 )  
(or atomic) mass of t h e  
For helium, following Nicolet, we used CY = -0.4; f o r  N2, 0 and 0, CY = 0 .  2 
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I 3. The temperature p r o f i l e s  
To compute t h e  v e r t i c a l  d i s t r i b u t i o n  of temperature on t h e  b a s i s  of 
t heo ry  alone, w e  must know how t h e  heat ing-entrgy input  varie:: with l ie ight .  
Since s o l a r  EW i s  r ad ia t ed  i n  a d i s c r e t e  number of s p e c t r a l  l i nes ,  each of 
which i s  absorbed at a d i f f e r e n t  height  (Hinteregger,  1962) and each of 
which va r i e s  i n  i n t e n s i t y  wi th  t ime i n  a d i f f e r e n t  manner (Furcell - e t  -- a l . ,  
1964), t h e  problem i s  complicated enough even when we ignore Energy soiirces 
o the r  than  solar EW. A s  t o  temperature and d e n s i t y  observat ions,  t h e  
l G W e r  thcrmosphert, from 100 to 150 km, i s  p r a c t i c a l l y  t e r r a  i ncogn i t a  (o r ,  
a considerablc  d t g r r e  of empiricism i n  coristructing temperature p r o f f l e s  in 
that rcgion;  t h i s  i s  a l s o  t h e  cast  of N ico le t ’ s  p r o f i l e s .  
I 
I r a t h t  r, aer incognitum). Any present  -day atmocpheric model must in t rcduce  
Since ail inadequate theo ry  may be wor,ce than  none when it ?uct f i t  a 1 g r c a t  many :tccurate observatioris, as is s u r  care, we decided t o  aiandon 
theory  e n t i r c l y  i n  cons t ruc t ing  o m  temperature p r o f i l e s .  
Nicolet  ‘s arid of t hc  Har r i s -P r i e s t e r  temperature p r o f l l e s  showed a t  once 
t h a t  they  C a l i  a l l  b c  reprecented, with a remarkable degree of approximation, 
by exponential  curves of t h e  form 
A curve;[ of 
i:, thi  ternptrature a t  120 km and ‘I’ T the x y m p t o t i c  (exc>spheric) 120 where T 
temperature;  z i:- expressed i n  ki lometers  arid s -is ti constant  d i f fe rer l t  f o r  
each p r o f i l c .  
p r o f i l e s ,  t h e  probltm i s  reduced t o  f ind ing  t41c value of s appropr ia te  t o  
each value of T , or, b e t t e r ,  x i  a n a l y t i c a l  exprei ;s io~i  f o r  s(T n ) which w i l l  
genera te  temperature p r o f i l e s  capable of reproducing thc  cbserved v a r i a t i o n s  
of dcnc i ty  with he ight  f o r  any s t age  of s o l a r  a c t i v j t y .  
Nicolet  ’ s  (1961) d e n s i t i e s  are reproduced w i t h i n  a f e w  percent  w i th  temper- 
a tu re  p r o f i l e s  generated by equat ion (4), wi th  
I T  wc decide t o  uce e q u a t i m  ( 4 )  t o  rtcprec]ent our tempc>raturc 
OD 
Fcr example, 
I :. = 34.586 T-l - 4.414 x + 5.71.4 v T 02 . ( l O 0 O o  < Tm < 200Oo) 
Mt cr a considerable  amount of t r i a l - a n d - e r r o r  work, w e  found t h a t  t h e  
de.?sitier dcr ived from s a t e l l i t e  drag ( Jacch ia  ana Slowey, 1963, p lus  up-t@- 
dLttC’ unpublished d a t a )  can be s a t i s f a c t o r i l y  represented  using f ercperatiirc 
p r o f i l e s  pcnerated by t h e  equat ion 
s = 0.0291 exp 




The present t a b l e s  were computed by t h e  numerical i n t e g r a t i o n  of 
equation ( 2 )  s t a r t i n g  from t h e  boundary condi t ions given i n  Section 2 
and following t h e  temperature p r o f i l e s  generated by equation ( 4 )  with 
s given by equation ( 5 ) .  In  Fig.  1 these values  of s a re  compared wi th  
those  which a r e  obtained from t h e  temperature p r o f i l e s  of N ico le t ' s  and 
t h e  C l R A  1964 models. 
hh and 14 
maximum of t h e  d i u r n a l  temperature var ia t ion .  Since t h e r e  i s  no va r i a -  
t i o n  of s with t h e  hour of t h e  day i n  our  s t a t i c  models, our s curve must 
represent  an average over t h e  day w i t h  a poss ib le  d r i f t  toward t h e  morning 
value a t  t h e  low-temperature end and toward t h e  afternoon values a t  t h e  
high-temperature end. 
For t h e  l a t t e r ,  w e  have se lec ted  t h e  curves f o r  
l o c a l  s o l a r  time, i.e., the hours of t h e  minimum and of t h e  h 
4. Comparison with Nicolet  ' s  models 
A rev ised  vers ion  (Nicolet  11) of Nicolet  ' s o r i g i n a l  ( 1961) models, 
Provided t o  us by t h e  author, has been used by us f o r  t h e  pas t  two years t o  
convert atmospheric d e n s i t i e s  f r o m  s a t e l l i t e  drag d a t a  i n t o  temperatures 
which a r e  b e t t e r  su i t ed  f o r  ana lys i s  than t h e  o r i g i n a l  d e n s i t i e s  ( Jacch ia  
and Slowey, 1963, and various more recent papers i n  these  Spec ia l  Reports) .  
D i f f e ren t  temperatures a r e  obtained from t h e  same d e n s i t i e s  i f  we use t h e  
present  models; t h e  cor rec t ions  t o  the system of Nicolet  I1 t o  ob ta in  t h e  
temperatures given by our models a r e  presented i n  Table 3 and p lo t t ed  i n  
Fig.  2. As we can see  from Fig.  2, the cor rec t ion  curves show a systematic  
negat ive t r end  wi th  increas ing  temperature i n  t h e  range between 800' and 
17OO'K. This i s  equivalent  t o  saying t h a t  i f  we consider a c e r t a i n  d e n s i t y  
v a r i a t i o n  within these  genera l  temperature l i m i t s ,  t h i s  v a r i a t i o n  corresponds 
t o  a somewhat smaller temperature range i n  t h e  present  models. For s a t e l l i t e s  
at he ights  between 350 and 750 km ( i . e . ,  f o r  a l l  t h e  s a t e l l i t e s  analyzed i n  
Jacchia  and Slowey, 1963) we obta in  temperature va r i a t ions  which are, on t h e  
average, smaller  by 6 percent .  
Figure 3 shows t h e  d i f f e rence  i n  log  p f o r  a given exospheric temper- 
a t u r e  and a given height  between Nicolet I1 and t h e  present  models. The 
corresponding numerical values  are t o  be found i n  Table 4. 
5. Formulae f o r  t h e  systematic temperature va r i a t ions  
Formulae f o r  t h e  v a r i a t i o n  of the exospheric temperature f o r  use wi th  
Nico le t ' s  models were given i n  SA0 Special  Report No. 150 (Jacchia ,  1964). 
These formulae n e c e s s i t a t e  some rev is ion  if  we want t o  use t h e  present  
atmospheric models. 
a )  
temperature T 
t h r e e  solar ro t a t ions ,  shows p r a c t i c a l l y  no departure  from l i n e a r i t y  i n  t h e  
new temperature system. 
Var ia t ion  with t h e  solar cycle. The r e l a t i o n  between t h e  exospheric 
and t h e  lO.7-cm solas f l u x  FlOa7, both smoothed over two o r  
a, 
I n  Fig.  4 we have p l o t t e d  rev ised  values of t h e  
I -5 - 
night t ime 
coveripfl; t h e  years 1958-1964. 
minima !? 0 
minimum and daytime maximum temperature from s a t e l l i t e  drag  d a t a  
AS can be seen, t h e  smoothed night t ime 
can be represented by 
To = 418" + 3960 FlOa7 .
The ba r  i nd ica t e s  averages over two or  t h r e e  s o l a r  r o t a t i o n s .  
maxima axe represented by 
The daytime 
T = 1.28 To M (7) 
The smaller range of t h e  d i u r n a l  v a r i a t i o n  (by  a f a c t o r  of l.28 i n s t ead  
of 1.30) r e f l e c t s  t h e  o v e r a l l  smaller  temperature ranges explained i n  Sec t ion  
4. It should be r e c a l l e d  t h a t  t h e  same d i u r n a l  d e n s i t y  v a r i a t i o n  r e q u i r e s  a 
much l a r g e r  temperature o s c i l l a t i o n  according t o  t h e  time-dependent models 
of H a r r i s  and P r i e s t e r .  Although t h e  l a t t e r  are probably c l o s e r  t o  r e a l i t y ,  
t h e  d e n s i t y  va r i a t ions  are represented  equa l ly  w e l l  wi th  t h e  present  s t a t i c  
models. 
Equation (6 )  i s  v a l i d  f o r  average q u i e t  geomagnetic condi t ions (KP = 2, 
= 0 t h e  absolu te  term shou1.d read 35y i n s t e a d  a = 7). 
of 418'. 
To  reduce it t o  a 
P P 
b )  Variat ion wi th in  one solar r o t a t i o n .  We can use 
i .e. ,  t h e  same equat ion as i n  SA0 Spec ia l  F.eport No. 150, but  wi th  t h e  numer- 
i c a l  coe f f i c i en t  changed from l?9 t o  198. There i s  some i n d i c a t i o n  t h a t  t h i s  
c o e f f i c i e n t  might be somewhat smaller (1?5 o r  s o )  near  sunspot minimum and 
l a r g e r  (poss ib ly  2?4) near  sunspot maximum. 
e )  Semi&p:ial  va r i a t ion .  We can use t h e  formula of SA0 Spec ia l  Report 
No. 1.50, w i t h  a 6 percent reduction i n  t h e  amplitudes:  
d - 151' - d - 59 
365) F10.7 sin + 0.14 s i n  2n 
I 
(9) 
( d  i n  days counted from January 1). 
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b 
d )  Diurnal  va r i a t ion .  The same parameters as i n  SA0 Special. Report 
No. 150 can be used, except f o r  R, which should be changed from 0.30 t o  
0.28. For convenience w e  s h a l l  repeat  t h e  equat ions wi th  t h e i r  explana- 
L t i o n s .  
L e t  t h e  temperature maximum occur a t  a poin t  on t h e  globe which h a s  
t h e  same l a t i t u d e  as t h e  subsolar  point,  and l e t  t h e  minimum n1"htti.i:: 
temperature on the globe be T and the  maximum daytime temperatui*d on t h e  
globe be RTo. We s h a l l  assume t h a t  t h e  daytime maxima T 
minima T at any poin t  on the globe are given by t h e  equat ions 
0 and night t ime D 
N 
m T = T3(1 + R COS q )  , D 
m 
= TO(l + R s i n  0 )  , TN 
where 
where (p i s  t h e  geographic l a t i t u d e  and So t h e  d e c l i n a t i o n  of t h e  sun. 
Of t h e  hour angle H of the sun (the l o c a l  s o l a r  t i m e ) .  
The temperature T at th i s  given point  can be expressed as a func t ion  
L e t  us  write 
(11) 
T = TN(l + A COS n~ 2) , 
wi th  
m m cos - s i n  8 
= R  m 7 
TD - TN A =  
I N  1 + R sin'" e 
and 
where 8, y, and p are constants ,  and H = 0 corresponds to the  sun's upper 
culmination. 
The constant  fl determines the lag  of t h e  temperature maximum wi th  r e spec t  
to the sun's culmination, while  p introduces i n  t h e  temperature curve an asym- 
metry whose l o c a t i o n  i s  determined by y .  Replacing T and T from equat lon D N 
-7- 
(I), w e  can write 
m m 
1 + R s inm e 
( 1.3 1 cos -q - s i n  8 cos 2 T = T , ( 1  + R s i n  v 
Although i n  these  equations the exponents m and n, which determine t h e  
mode of t h e  long i tud ina l  and t h e  l a t i t u d i n a l  temperature v a r i a t i o n s  respec-  
t i v e l y ,  a r e  kept d i s t i n c t ,  w e  f i n d  t h a t  i n  p r a c t i c e  we can t a k e  m = n. 
s h a l l  adopt t he  fol lowing cons tan ts :  
We 
R = 0.28 
m = n = 2.5 
p = - 4 5 O  
p = 12O 
y = +45" . 
e )  Varia t ion  with geomagnetic a c t i v i t y .  Af te r  the pub l i ca t ion  of S A 0  
Spec ia l  Report No. 150, it vas found that the r e l a t i o n  between t h e  exospheric 
temperature and t h e  3-hour geomagnetic index a shows a s t rong  depar ture  from 
l i n e a r i t y  f o r  small values  of a ( Jacch ia  and Slowey, 1964). The formula 
given i n  t h e  l a s t  reference can be used without a l t e r a t i o n s .  
of temperature wi th  a i s  then  
P 
P 
The increase  
P 
AT = 1:O a + 125" [l - exp ( -  0.08 a )I . 
P P 
AT r ep resen t s  t h e  atmospheric hea t ing  above t h e  l e v e l  corresponding t o  a = 0 .  
P 
6. Limitat ions of t h e  present  models 
A s  we stated i n  Sec t ion  1, atmospheric models must s u f f e r  from t h e  over- 
s impl i f i ed  assumptions one i s  obl iged t o  make t o  cons t ruc t  them. O u r  models 
share  wi th  those of Nicolet  t h e  l i m i t a t i o n s  imposed by t h e  invar iance  of t h e  
temperature p r o f i l e s  and of t h e  boundary condi t ions  ; t h t s  l a t t e r  l i m i t a t i o n  
i s  common a l s o  t o  t h e  Harris-F'riester models. 
A consequence of t h e  f ixed  boundary condi t ions  i s  a n e a r l y  isopycnic 
l a y e r  a t  200 km a t  t imes  of moderate t o  high solar a c t i v i t y .  A t  such times, 
according t o  the  models (QUI'S, N i c o l e t ' s  and t h e  Harris-Priester mode1.s). t h e  
d e n s i t y  a t  200 km should not show apprec iab le  v a r i a t i o n s  when t h e  exospheric 
-0 - 
temperature va r i e s .  This condi t ion i s  nea r ly  f u l f i l l e d  by t h e  d i u r n a l  
v a r i a t i o n  which p r a c t i c a l l y  disappears at he ights  lower than  200 km. 
On t h e  o ther  hand, dens i ty  va r i a t ions  a t  t h e  200-km l e v e l  have been ob- 
served at t imes of high s o l a r  a c t i v i t y  i n  correspondence w i t h  geomagnetic 
storms, and a l s o  of t h e  e r r a t i c  ("27-day") component of t h e  10.7-cm f l u x  
(Jacchia ,  1959). 
The d i f f e r e n t  response of t h e  dens i ty  a t  200 km t o  d i f f e r e n t  types of 
heat ing could be explained by assuming t h a t  t h e  temperature at 120 km i s  
not subject  t o  a d i u r n a l  var ia t ion ,  but increases  i n  correspondence w i t h  
geomagnetic storms and t r a n s i e n t  enhancements of  solar E W  rad ia t ion .  If 
we increase  t h e  temperature a t  120 km by 50" without changing t h e  composi- 
t i on ,  t h e  dens i ty  at 200 km w i l l  increase,  according t o  our models, by a 
l i t t l e  over 30 percent when t h e  exospheric temperature i s  about 1400°K. 
This i s  jus t  about t h e  order of magnitude of t h e  e r r a t i c  dens i ty  changes 
observed i n  Sputnik 2 and 3. A t  g rea te r  he ights  t h e  dens i ty  change is  more 
or l e s s  t h e  same, decreasing only s l i g h t l y  with height,  but i t s  r e l a t i v e  
importance becomes smaller because of t h e  increased response of t h e  d e n s i t y  
t o  changes i n  t h e  exospheric temperature (or, t o  be more accurate,  t o  changes 
i n  t h e  corresponding temperature gradient above 120 km) . 
S a t e l l i t e s  at he ights  as  low as  160 km have r ecen t ly  shown t h a t  t h e  
dens i ty  changes during magnetic storms are  i n  phase with those  at g r e a t e r  
he ights  ( Z i r m ,  1964). 
storms must occur at he ights  considerably lower than  160 km. 
looks highly probable t h a t  t h e  temperature at 120 km must undergo changes 
during a magnetic storm. 
This ind ica tes  t h a t  most of t h e  heat ing during t h e s e  
It the re fo re  
If we assume t h a t  a l s o  t h e  e r r a t i c  changes i n  solar E W  a f f e c t  t h e  tem- 
pera ture  a t  120 km, it i s  d i f f i c u l t  t o  see how t h e  much l a r g e r  va r i a t ions  
of E W  i n  t h e  course of t h e  11-year solar cycle  could leave  t h e  temperature 
a t  120 km undisturbed. Perhapslthere i s  such a change and 
Of b e t t e r  models w i l l  be poss ib le  when t h i s  change becomes 
7. The t a b l e s  
Detai led d a t a  on composition and dens i ty  a re  given i n  
temperature p r o f i l e s  ending i n  exospheric temperatures 50" 
t h e  construct ion 
known. 
Table 1 f o r  30 
apar t  and ranging 
from 6 5 0 " ~  t o  2100°K. Table 2 gives a summary of t h e  dens i ty  d a t a  only. 
The boundary condi t ions and the  temperature p r o f i l e s  a r e  spec i f i ed  i n  
Sec t ion  3. For t h e  acce lera t ion  of g r a v i t y  we used t h e  formula 
-2 g = 980.665 (1 f Z/R)'2 cm sec , 
with R = 6.35677 x 10 8 cm. 
-9- 
Hydrogen concentrat ions a r e  given only above 500 km, as i n  t h e  ClRA 1964 
t ab le s ,  s ince hydrogen cannot be considered t o  be i n  d i f f u s i o n  equi l ibr ium a t  
lower heights  (Kockarts and Nicolet ,  1962). 
Although t.ie t a b l e s  extend t o  a height  of 1000 km, t h e  d a t a  above 
800 km must be considered as t h e o r e t i c a l  ex t r apo la t ions  s ince  accura te  
s a t e l l i t e  drag d a t a  a r e  not ava i l ab le  at those  he ights .  For high exo- 
spher ic  temperatures (above, say, 1300°K) a t  which atomic oxygen i s  s t i l l  
t h e  major cons t i tuent  between 800 and 1000 km, t h e  d e n s i t i e s  should s t i l l  
be r e l i a b l e ;  t h e  same cannot be said,  however, f o r  lower exospheric tem- 
pera tures .  
The generat ion of i nd iv idua l  d e n s i t i e s  f o r  given values  cf z and Tm 
from equations ( 4 )  and ( 5 )  i s  so  simple t h a t  prospect ive use r s  of t hese  
models may deem it preferab le  t o  use t h e  formulae r a t h e r  than  t h e  t a b l e s  
t o  obta in  atmospheric d e n s i t i e s  i n  electronic-computer programs. In such 
a case, t h e  ex t rapola t ion  of t h e  t a b l e s  t o  he ights  above 1000 km, which 
may be necessary f o r  t h e  sake of con t inu i ty  i n  numerical i n t e g r a t i o n s  along 
s a t e l l i t e  o rb i t s ,  i s  automatic, and t h e  d e n s i t y  approaches zero when z i n -  
c reases  beyond any l i m i t .  If the  t a b l e s  a r e  used and It i s  des i r ed  t o  have 
t h e  d e n s i t y  p approach a l i m i t i n g  value p r a t h e r  t han  zero, we can recom- 
mend t h e  procedure we have been using formsome time i n  our numerical- inte-  
g r a t i o n  programs. p/dz a t  1000 km 
from t h e  t abu la r  values of l og  p and use 
Compute b = d4n p/dz = ( An 10) d log  10 
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500° 1000" I 500° 2000" 
Figure  1. --The coe f f i c i en t  s of equat ion (4), which determines t h e  v e r t i c a l  temper- 
a t u r e  d i s t r ibu t ion ,  as a func t ion  of t h e  exospheric  temperature  Tm. 
Curve 1 gives t h e  temperature p r o f i l e s  of N i c o l e t ' s  (1961) models. Curves 
2n and 2b a r e  those  pe r t a in ing  t o  t h e  H a r r i s - h i e s t e r  models i n  t h e  COSPAR 
In te rna t iona l  Reference Atmosphere 1964 (2a f o r  4 AM, 2b f o r  2 PM). Curve 











500" IOOO" 1500" 2000" 
Exospheric Temperature in the Nicolet 11 system ( O K )  
Figure 2.--Correction t o  t h e  exospheric temperatures obtained from dens i t i e s  by 
use of t h e  Nicolet I1 models t o  reduce them t o  temperatures obtained 







1500 2000 500 1000 
Exospheric Te mpera t u re ( O K )  
. 
Figure 3.--Difference i n  log p f o r  a given exospheric temperature and a given 
height between Nicolet  I1 and t h e  present  models. 
taken i n  t h e  sense: 
The d i f f e rence  i s  













50 I O 0  I50 200 250 
50.7 
Figure. 4. --Daytime maximum and nighttime minimum temperatures above the thermo- 
pause as a funct ion of t h e  10.7-ern s o l a r  flux, i n  units of watts/ 
m /cycle/sec bandwidth. 
rotat ions.  Open c i r c l e s :  individual maxima deduced from s a t e l l i t e  drag 
curves. Circled dots:  individual m i n i m a  deduced from s a t e l l i t e  drag 
curves. Dots: temperatures reduced t o  the  nighttime minimum a t  times 
when the  curve of t h e  semiannual temperature v a r i a t i o n  was close t o  the 
annual average. The temperatures i n  this diagram must be considered as 
re fer red  t o  average quie t  geomagnetic conditions (K 
2 Data are averaged over two or t h r e e  s o l a r  
= 2 or  R 
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NOTICE 
This series of Special Reports was instituted under the sypervision 
of Rr. F. L. whipple, h c t o r  of the Astropbysical Observatory of the 
SmithsonIan Institution, shortly after the launching of the first artifi- 
c i a l  earth satellite on Outober 4, 1957. Contributions usually come from 
the S t a f f  of the Observatory. 
Ination of data for satellite tracking, the Reports have continued to pro- 
vide a ragid dlstabution of catalogs of satellite observations, orbital 
information, and prsi(nrinant results of data analyses prior to f o m l  pub- 
lication in tbe appropriate journals. 
First Issued to ensure the irmredlate dissem- 
The Fkports are also used extensively for the rapid publication of 
preliminsry or special results in other fields of astrophysics. 
Edited and produced under the sugervision of Mr. E. N. H a y e s  and Efrs. 
J. bllo, t b  reports are Indexed by the Science and Technology 
Mvieiop of t b  Library of Cangress, and are regulasly diatributed to a l l  
institutians participating in the U. S. space research progrrrm and t o  in- 
divldml sclentiste who reguest tbem from the Administrative Officer, 
!Cechnicsl Inf’omstion, Smithsonian Astrophysical (Tbservatory, Cembrw, 
N3Bsachusett8 Oel.38. 
